Abstract. With the advent of regional climate modelling, there are high-resolution data available for regional climatological change studies. Automatic tracking of cyclones in these datasets encounters problems with high spatial resolution due to cyclone substructure. Watershed segmentation, a technique from image analysis, has been used to obtain estimates for the spatial extent of cyclones, enabling better tracking and precipitation analysis. In this study we have used data from a 0.5 • Regional Model (REMO) climatological model run for the period from 1961-2099, following the International Panel on Climate Change Special Report on Emissions Scenarios (IPCC SRES) B2 forcing. The resulting hourly mean sea level pressure (MSLP) fields have been analysed for cyclone numbers and tracks in the Mediterranean region. According to the results, the total number of cyclones in the Mediterranean seems to be increasing in the future, in spite of a general decrease of the numbers of stronger systems. In Summer, the increase in each gridbox seems to be proportional to the total number of cyclones in that box, whereas in Winter there is a slight proportional decrease. As concerns track properties and precipitation estimates along tracks, no significant change could be detected.
Introduction
The Mediterranean is an area with high interest in cyclone climatology (for a qualification of this statement see the proposal of the MEDEX project 1 ). Objective cyclone tracking methods have been first developed in this area by Alpert et al. (1990) . More recently, there are the studies of Trigo et al. (1999) , Picornell et al. (2001) and Maheras et al. (2001) , as well as many others.
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All of these studies concentrate on the analysis of past events, either from reanalysis data or operational weather models (Picornell et al., 2001) . Most of the studies investigate rather short periods. We have therefore used a regional climate model to investigate the Mediterranean climate on a large timescale of 139 years, particularly with respect to the mild B2 Global Warming scenario of the IPCC SRES (Nakicenovic and Swart, 2000) .
Cyclones have been detected by a local minimum search, and their time evolution has been tracked via a Kalman filter algorithm, both described below.
Data and Methodology
The data used in this study was derived from a REMO run for the period from 1961-2099. REMO is a three-dimensional hydrostatic atmospheric regional climate model which is described in Jacob (2001) and Jacob et al. (2001) . It was developed within the Baltic Sea Experiment (BALTEX) on the basis of the Europa Model of the German Weather Service and runs in standard horizontal resolutions of 0.5 • , as well as 1/6 • (not used in this study). The physical parameterization for this run was provided by ECHAM4 physics, which is described in Roeckner et al. (1996) . REMO version 5.1 introduced fractional areas of land, water and sea ice for each grid box, as well as monthly varying vegetation characteristics. The standard domain size is 81×91 grid boxes and is shown in Fig. 1 . The run under investigation was integrated from 1961-2099 with the IPCC SRES B2 scenario forcing. This scenario prescribes detailed amounts of anthropogenic emissions of greenhouse gases for each decade of the simulation, following a simulated storyline based on increased political concerns for environmental issues and localized reactions (Nakicenovic and Swart, 2000) . Of the four main IPCC SRES scenarios, this is one of the more optimistic ones. The boundaries where provided by a T42 resolution run of the coupled Global Circulation Model ECHAM4/OPYC3, developed in cooperation between the Max Planck Institute for Meteorology, Hamburg, and the Deutsches Klimarechenzentrum, Hamburg.
For the investigation of the Mediterranean, only a small part of the model domain was used, which is shown in Fig. 2 . At each side, there are at least six grid boxes from the borders of the larger domain to exclude undesired artifacts which could result from the (one-way) nesting of the REMO domain in the global ECHAM4/OPYC3 grid.
The analysis has been performed on the hourly mean sea level pressure output field. Due to the high resolution (0.5 • and 1 hr for horizontal and time resolutions, respectively) no further data (wind speed, vorticity, etc.) were considered.
The Watershed Segmentation Method
The method proceeds by finding local minima of MSLP, hereafter referred to as events, in the Von-Neumann neighbourhood consisting of the eight nearest grid boxes. Events with more than 1015 hPa MSLP will not be considered. For each event certain characteristics are estimated, including the Laplacian (via a linear filter) as a measure of strength, following Murray and Simmonds (1991) , and the so called watershed extent and watershed area as objective measures of the area under the cyclone's influence.
From the gridded MSLP field, the watersheds will be found by a modified version of the fast watershed algorithm described in Vincent and Soille (1991) : Starting from the gridded MSLP field, all pixels will be removed from the grid and sorted according to their MSLP value.
Step by step, simulating a flooding of the MSLP landscape, the pixels will be put on the grid back again in the sorted order. If a pixel is isolated on the grid after placing, it will start a new region. Otherwise, if a pixel is adjacent to one or more pixels of one already existent region, it will become part of that region too. If it is adjacent to two or more different regions, it will become a watershed border. In fact, as we are also interested in anticyclones, at each step our algorithm places the lowest as well as the highest still remaining pixels on the grid. An example of the application can be seen in Fig. 4 , where the result of the watershed segmentation of the pressure field from Fig. 3 is shown.
The usefulness of the watershed segmentation lies in its easy, robust and fast implementation and its objectiveness in giving a spatial estimate of cyclonic influence. As we are interested in analysing the precipitation connected with moving cyclones and considering that the precipitating front will not be at the position of the local pressure minimum, but somewhere nearby, this fact is essential for our purposes. For each event, the area of its watershed region is considered, as well as the radius of the largest circle around the minimum which still fits into it, which will be called watershed extent.
To facilitate analysis of precipitation, for each event we consider the (spatial) maximum of precipitation (per grid box) in its extent circle and the (spatial) precipitation sum in its extent circle, as well as in its watershed region. This gives a rough estimate of the precipitation connected with the cyclone on a hourly basis, as a starting point for further studies.
Cyclone tracking
The tracking is done via a Kalman filtering approach (Blackman (1986) , Brookner (1998) ), which has certain advantages over the traditional backtracking. In the usual approach, the gridded fields at only two consecutive timesteps are considered. Using a Kalman filter, it is possible to include information about the whole cyclonic history. Another advantage is the error estimate from the filter (times two in our analysis), which directly translates to a gating bound, i.e. a maximum distance in which to search for the next corresponding event, for the matching algorithm. The model underlying the filter was chosen to be a linear constant velocity model, both for its simplicity, as well as for its performance. In the future, this could be replaced by a more realistic model. The matching is done by minimizing a weighted prediction error function that takes into account distance, intensity, value and extent of the events. The weights have been derived empirically from the variance of the data.
We only consider tracks which exist for at least 12 h and which show a minimal central pressure of 1000 hPa or below once during their lifetime. Fig. 5 shows the mean monthly numbers of cyclones in Winter. These are calculated as follows: For each grid box of the study domain we counted the number of cyclone centers falling into the box per timestep. These numbers have been summed up over the whole simulation period, and the resulting distribution has been divided by the number of years times months in the season. We will call this quantity monthly exposure hours in the following. For better visualization, a 2d Gaussian filter with a radius of four grid boxes has been applied to smooth the data in this and the following figures.
Results

Cyclogenesis over the Mediterranean
One can clearly see the Genoa center with counts as high as 15 monthly exposure hours in one grid box (not discernible on the figure), as well as some activity in the Aegean Sea and along the Adriatic coast. This result seems to be in good agreement with recent studies (see for example Maheras et al., 2001) . Interestingly, it is important to point out the presence of a second center just off the coast in North Eastern Italy with counts as high as 11 monthly exposure hours in one box, which has not been found in previous studies. This discrepancy could be an effect of the day-night cycle, with orography induced thermal lows playing a major role, due to the use of hourly data instead of the six hourly or twelve hourly data used by other authors. The phenomenon itself seems to be known to the Italian Weather Service in the area, and is partially attributed to a similar (lee-) cyclogenesis mechanism (due to the Eastern Alps) as in the Genoa case (private communication).
In Summer (Fig. 6) , there is strong activity in the Genoa center with counts as high as 53 exposure hours in one box, and even counts of 74 in the nearby North-Eastern Italy area. There is also activity visible along the Spanish coast and in Central Spain. Some remnants of the Saharan and the Cyprus cyclones can be seen at the borders of the study region. The unexpected activity over the Aegean sea could be explained as the effect of a day-night cycle, as in the case of the cyclones over North-Eastern Italy. The other two seasons (not shown) are characterized by intermediate numbers between the extremes of Summer and Winter. In the following we will therefore concentrate on those two seasons only.
The period of analysis has been divided into four different time intervals; each time interval is 35 years long, with the exception of the first which is only 34 years. On Figs. 7, 8, 9 and 10 the anomalies of summer cyclone activity throughout the whole period of simulation are plotted: As before, the output has been smoothed by a 2d Gaussian filter with a radius of four grid boxes. Particularly, Fig. 7 displays predominant negative anomalies, that means a number of cyclones below the mean value of the study period. Going through Fig. 8 for the period 1995-2029 and Fig. 9 for the years 2030-2064 until Fig. 10 for the years 2065-2099 one sees a steady increase in the number of cyclones, which is almost proportional to the mean number from Fig. 6 . This climatological effect can not be seen in Winter, where there is even a slight decrease of numbers in the Genoa region (not shown). As one believes that during Global Warming scenarios the sub-tropical belt should extend northwardly (H. Göttel, private communication), one would expect a decrease in cyclone numbers in summer as in winter, but according to the results of our experiments it seems to be not the case. In fact the first column of Table 1 shows an increase in cyclone events for the whole period of simulation; this result is confirmed taking into account only the Summer cyclones (Table 2 , first column). But if we consider only strong systems below 995 hPa (which seldom occur in Summer), we can see a meaningful decrease in cyclone numbers (Table 1 , second column), whereas in Summer the numbers are somewhat unconclusive (Table 2 , second column).
Cyclone tracks and dynamics
To get a better picture, we also analyse cyclone tracks. In Fig. 11 one sees the mean monthly cyclogenesis numbers, where the Gulf of Genoa dominates, as well as the North Italian centre. These are calculated similar to the monthly exposure hours by counting all first occurences of cyclone centers from a track in their grid box over the whole study period and then dividing by the total number of months. Comparing this with the cyclolysis numbers from Fig. 12 one sees that these regions are also involved in dissolving cyclones, a further indication that there might be many stationary, shallow cyclones involved, although the budget (cyclogenesis minus cyclolysis) for these regions is positive, meaning that there are a lot of moving systems as well. Many of them leave the area in a north, north-easterly direction, on which the cyclolysis plot gives some indication.
Track lengths in hours, i.e. the number of hours between detection and loss of track, are shown in Fig. 13 . In interpreting this figure one should remember that only tracks with a minimum lifetime of 12 h have been considered. One can recognize many long-living systems, and comparing with Fig. 14 , where the linear length between cyclogenesis and cyclolysis is depicted, one can see that these systems are moving on average more than 10 grid boxes, which is more than 500 km.
The maximum deepening rate in Fig. 15 is estimated by the maximum of the differences in MSLP from one timestep to the next. The hourly rates thus found have been multiplied by six for comparison with the usual rates derived from six hourly data (see for example Trigo et al., 1999) . This leads to seemingly much higher rates than in the case of those rates implicitly smoothed by their lower sampling rate. Our rates have also not been corrected geostrophically. Still the figure contains useful information: A considerable tail of fastdeepening systems can be seen (the highest values will probably be due to tracking errors which can result in jumps of the central MSLP value from one timestep to the next) and it indicates that deepening of cyclones might take place with considerable variability in the deepening rate, leading to the observed high values of the maximum rate.
In Fig. 16 the maximum watershed extent along the track is depicted. The shape of the distribution closely resembles the result for the cyclone radius from Trigo et al. (1999) . The maximum at six grid boxes corresponds to a realistic cyclone extent of about 300 km.
Concerning precipitation, in Fig. 17 the precipitation sum on the watershed extent area along the track is shown. This is an indicator of the total precipitation brought about by the cyclone; it is calculated by summing up all precipitation amounts in the extent circle for all timesteps that the cyclone track exists. In the future, this relatively coarse measure could be replaced by a finer analysis taking into account differences in temporal and spatial precipitation patterns. On this coarse level though, we see that most of the systems are precipitating. There is also a substantial tail of heavily precipitating tracks discernible. It is of high interest to understand which cyclone tracks correspond to these high precipitation events and why.
Conclusions
The run under analysis with its 139 years has been used to study cyclone behaviour in the Mediterranean, from a climatological viewpoint as well as from a climate change point of view. The data shows familiar features (e.g. the Genoa cyclone center, the shape of the cyclone extent distribution) from other studies. Furthermore, a second center in NorthEastern Italy has been found, which in previous studies with temporal resolutions of six hours or more has not been seen.
Concerning possible climatic change due to the enforced Global Warming scenario, there seems to be an increase in shallow, possibly thermal, cyclones in all seasons, pointing to an intensification of the generating mechanisms. Interestingly, strong systems in Winter seem to decrease, pointing to a possible northward shift in major cyclone tracks that could be studied with more detail in a future work. There is no significant change in precipitation patterns or track statistics to be stated for tracks longer than 12 h in the four periods under investigation at this level of the analysis, which is somewhat surprising. It would be desirable to enhance the analysis of these data in the future by addressing specific mechanisms of cyclone generation and movement. Especially cyclones that pass through the Genoa region are of considerable interest for Mediterranean as well as Central European climate. In recent years, major flooding events in Europe have been caused by Genoa cyclones following the so-called Vb track (van Bebber, 1891 , see also Bahrenberg, 1973.) . Therefore, an analysis of these tracks with our methods, especially with regard to precipitation would be highly desirable.
For the precipitation analysis, finer measures are needed which take into account the differences in spatial and temporal characteristics of precipitating cyclones. A classification via clustering methods would also be interesting.
The question of how to classify high precipitation (Genoa) cyclones from these data and the nontrivial question of how to quantify their impact on European climate will therefore be addressed in a future work.
